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By Brent Y. Creer, John D. Stewart,  Robert B. Merrick, 
and Fred J. Drinkwater I11 
SUMMARY 
A s  pa r t  of a continuing NASA program of research on a i rp lane  handling 
qua l i t i e s ,  a  p i l o t  opinion invest igat ion has been made on the l a t e r a l  
control  requirements of f i g h t e r  a i r c r a f t  f l y ing  i n  t h e i r  combat speed 
range. The invest igat ion was ca r r i ed  out using a s t a t ionary  f l i g h t  simu- 
l a t o r  and a moving f l i g h t  simulator, and the f l i g h t  simulator r e s u l t s  
were supplemented by research t e s t s  i n  a c tua l  f l i g h t .  
The f l i g h t  simulator study was based on the  presumption t h a t  the  
p i l o t  r a t e s  the r o l l  control  of an a i rplane primari ly on a single-degree- 
of-freedom bas i s ;  t h a t  i s ,  control  of angle of r o l l  about the  a i r c r a f t  body 
axis  being of f i r s t  importance. From the assumption of a s ing le  degree 
of freedom system it follows t h a t  the re  a r e  two fundamental parameters 
which govern the  a i rplane r o l l  response, namely the  r o l l  damping expressed 
a s  a time constant and r o l l  control  power i n  terms of r o l l  accelera t ion.  
The simulator study resu l ted  i n  a c r i t e r i o n  i n  terms of these  two param- 
e t e r s  which defines sa t i s fac to ry ,  unsat is factory ,  and unacceptable r o l l  
performance from a p i l o t  opinion standpoint.  The moving simulator r e s u l t s  
were substant ia ted  by the i n - f l i g h t  invest igat ion.  
The derived c r i t e r i on  was compared with the  r o l l  performance c r i t e r i o n  
based upon wing t i p  he l i x  angle and a l so  with other  r o l l  performance con- 
cepts which cur ren t ly  influence the  r o l l  performance design of m i l i t a ry  
f i gh t e r  a i r c r a f t  f l y ing  i n  t h e i r  combat speed range. 
INTRODUCTION 
The requirements f o r  s a t i s f ac to ry  l a t e r a l  con t ro l  of f i g h t e r  a i r c r a f t  
have been the  object  of numerous research projects .  Notable contr ibut ions  
t o  the  formulation of pas t  r o l l  requirements have been reported i n  r e f e r -  
ences 1 through 3. Present research i n  t h i s  area  seems t o  be focused on 
two main object ives :  (1) the determinati,m of the  r o l l  performance 
required by an in te rcep tor  i n  order t o  suzcessfully complete a  speci f ied  
combat mission; and (2)  the determination of those parameters t h a t  
primari ly influence p i l o t  opinion of a i r c r a f t  l a t e r a l  con t ro l l ab i l i t y .  
The second of the above two l i s t e d  groblems i s  present ly  of r e a l  
concern i n  t h a t  the  r o l l  response of some of the  current  f i gh t e r  a i r c r a f t  
meet ex i s t i ng  s a t i s f ac to ry  requirements and yet  the l a t e r a l  control la-  
b i l i t y  from a  p i l o t  opinion standpoint i s  unsat is factory  t o  the  extent  
t h a t  the  a i r c r a f t ' s  combat usefulness i s  compromised. Hence, the  spec i f i c  
object ive  of the  present  invest igat ion was t o  determine the  fundamental 
parameters which a f f e c t  the p i l o t  opinion of the  r o l l i n g  performance of 
f ighter- type a i r c r a f t  f l y ing  i n  t h e i r  conbat speed range. This i nves t i -  
gation, which was ca r r i ed  out  i n  the F l igh t  Research Branch and Dynamics 
Analysis Branch of the  Ames Research Center, made use of a  s t a t ionary  
f l i g h t  simulator and a  moving f l i g h t  s i m ~ l a t o r .  The moving f l i g h t  simu- 
l a t o r  involved only the  r o l l  degree of freedom. The simulator r e su l t s  
were supplemented by research t e s t s  i n  a c tua l  f l i g h t .  
NOTATION 
wing span, f t  
r o l l i n g  moment 
rolling-moment coef f i c ien t ,  TSb 
ac 2 
-, per  radian 
ass 
ac z 
, per  radian 
a(pb/2v) 
pressure a l t i t u d e ,  f  t 
moment of i n e r t i a  of airp1ar.e about X axis ,  s lug-f t2  
CSb - C 2 g a ,  per see2 
I x 
~ s b  
- 
2V1, C2p , per  sec 
r o l l i n g  veloci ty ,  radians/st:c 
s teady-s ta te  r o l l i n g  veloci ty ,  radians/sec 
dynamic pressure,  lb /sq  f t  
wing area ,  sq f t  
Laplace operator  
time, sec 
t r u e  airspeed,  f t / s e c  
phase angle, deg 
bank angle, radians 
a i l e r o n  def lec t ion,  radians 
mass densi ty  of a i r ,  s lugs/cu f t  
1 
- - r o l l  time constant ,  sec 
LP' 
der ivat ive  with respect  t o  time 
DESCRIPTION OF APPARATUS 
As was noted i n  the  Introduction,  the  present  inves t iga t ion  made use 
of a  s t a t i o n a r y  f l i g h t  s imulator  and a moving f l i g h t  s imulator  ( involving 
r o l l  degree of freedom only) ,  and included f l i g h t  t e s t s  with a number of 
d i f f e r e n t  a i r c r a f t .  The f l i g h t  simulators consis ted  of an e l e c t r o n i c  
analog computer f o r  solving t h e  a i rp lane  equations of motion and a f i x e d  
o r  moving cockpit f o r  including t h e  p i l o t  i n  t h e  con t ro l  loop. For t h e  
simulator  " f l i g h t s , "  bank angle was the  only quant i ty  presented t o  t h e  
p i l o t  and was displayed on an osci l loscope i n  the  same fashion a s  it 
appears on a normal gyro horizon ind ica to r .  A block diagram showing the  
general  flow of information f o r  these  f l i g h t  s imulators i s  presented a s  
f igure  1. A d e t a i l e d  descr ip t ion of the  simulator  setups and of the  
a i rp lanes  and f l i g h t  instrumentat ion used i n  t h e  inves t iga t ion  i s  given 
below. 
Sta t ionary  Simulator 
The f ixed  cockpit was modified from an F-86~ a i rp lane  f l i g h t  s imulator  
with the  r e s u l t  t h a t  the  cockpit i n t e r i o r  and controls  c l o s e l y  resembled 
those of an a c t u a l  a i rp lane .  A p ic tu re  of the  cockpit i n t e r i o r  and the  
p i l o t ' s  d isplay i s  presented as  f igure  2. (The l i n e ,  on the oscil loscope,  
representing the  horizon was ob l i t e r a t ed  i n  the p ic tu re  taking process.) 
The maximum l a t e r a l  s t i c k  def lec t ion meas~.red a t  the  top of the  s t i c k  was 
+5 inches. The s t ick- to-a i leron def lec t icn  was l i nea r ,  and the s t i c k  force  
gradient  was constant a t  2 pounds per inck, which resu l t ed  i n  a maximum 
s t i c k  force  of 10 pounds. It should be ncted t h a t  the m a x i m u m  s t i c k  
def lec t ion  and maximum s t i c k  force  values were t yp i ca l  of current  f i gh t e r  
a i r c r a f t .  The break-out force  and f r i c t i c n  forces  were small and no 
viscous damping was present i n  the  system. An opaque cockpit canopy was 
used during the  t e s t i n g  period i n  order t o  i s o l a t e  the t e s t  p i l o t  from 
outs ide  d i s t rac t ions .  
Moving Simulatcy 
The moving base simulator used i n  t h i s  inves t iga t ion  was capable of 
impressing both pi tching and r o l l i n g  moticns on i t s  occupant; however, the  
p i t ch  degree of freedom was not  u t i l i z e d  i n  t h i s  study. Hence the follow- 
i n g  discussion w i l l  be l imi ted  t o  a descript ion of the cockpit, a cursory 
explanation of t he  electromechanical drive system, and a presentat ion of 
t he  response cha rac t e r i s t i c s  f o r  the  r o l l  degree of freedom only. Fig- 
u re  3 (a )  i s  an ex te rna l  p ic tu re  of the  mo~ing  simulator and f igure  3(b) 
shows the instrument panel and i n t e r n a l  l ~ y o u t  of the  cockpit.  The 
revolution counter indicated the number 01 complete revolutions of the 
cockpit  from a zero revolution posit ion.  The s t i c k  force and def lec t ion 
cha rac t e r i s t i c s  of the moving simulator were s imi la r  t o  those of the  
s t a t i ona ry  simulator. 
The electromechanical r o l l  drive s e n 0  system and i t s  t i e  i n  with 
the  analog computer i s  presented i n  block diagram form i n  f igure  4. A s  
ind ica ted  i n  t h i s  f igure ,  the  p i l o t ' s  s t i c k  motion, which was converted 
i n t o  an appropriate voltage, was the input t o  the  analog computer. The 
outputs from the  computer were the  desirec bank angle, o r  computed bank 
angle, and i t s  f i r s t  and second der ivat ives .  These der ivat ives  of the 
des i red bank angle were added t o  the comrn~nd s igna l  a s  a means of improving 
system response. This command s igna l  was amplified and modified by several  
s tages  of e lec t ron ic  equipment. The f i r s t  s tage consis ts  of a preamplif ier  
t h a t ,  i n  addi t ion t o  amplifying, compares the  command s igna l  with the 
cockpit pos i t ion  t o  obtain an e r r o r  s ignal .  This e r r o r  s igna l  i s  then 
summed with the  amplidyne voltage, generat o r  current ,  and motor speed 
s igna l s  i n  the main power amplif iers .  The s e  l a t t e r  s ignals  were added 
t o  fu r the r  increase system response and i n  prove system s t a b i l i t y .  The 
amplidyne provides f u r t he r  amplif icat ion 2 s i t  exc i tes  the  f i e l d s  of the 
two series-connected d-c generators. The generators, i n  turn ,  furnish  the 
power f o r  the  10-horsepower armature-controlled motor t h a t  drives the 
cockpit through a commercial speed reducer with a gear r a t i o  of l 5 : l .  The 
purpose of the nonlinear preamplif ier  gair , indicated i n  f igure  4, i s  t o  
prevent the system from becoming unstable f o r  l a rge  e r r o r  s ignals .  
Figure 5 presents the frequency response of the system i n  terms of 
t he  amplitude r a t i o  and phase angle between the cockpit motion, cpo, and 
the desired bank angle, cp (see f i g .  4 ) .  The magnitude o f  the input  was 
such t h a t  the driven cockpit amplitude was approximately +20° a t  the  lower 
dr iv ing frequencies. The subject  response curves were f o r  gain values, 
K2 and K3 of f igure  4, which were most frequently used i n  t h i s  i nves t i -  
gation. It can be seen from f igure  5 t h a t  an amplitude r a t i o  of near 1 
was maintained t o  a frequency of 10 radians per second, and the  phase 
l a g  a t  t h i s  point  was approximately 40'. From a consideration of the 
t r an s i en t  response t o  pi lot- type a i l e ron  inputs,  it was found t h a t  the  
measured cockpit motion c losely  duplicated the desired o r  computed value 
except i n  t h a t  region wherein high r o l l  r a t e s  and high r o l l  accelera t ions  
were commanded. A sample t rans ien t  response t o  a s e r i e s  of ramp a i l e ron  
inputs ,  which i l l u s t r a t e s  t h i s  po in t , i s  shown i n  f igure  6. It can be 
seen t h a t  the  measured r o l l  r a t e s  and displacements lagged somewhat 
behind the  computed values. The consequence of t h i s  w i l l  be discussed 
l a t e r  i n  t h i s  repor t .  
Airplanes and F l igh t  Instrumentation 
The a i rplanes  used i n  the  inves t iga t ion  included a propeller-driven 
f i g h t e r  of World War I1 vintage, straight-wing jet-powered t r a i ne r s ,  
current  operat ional  in terceptors  of both the swept-wing and delta-wing 
type, and a va r i ab l e - s t ab i l i t y  a i rp lane.  Two-view drawings of the a i r -  
planes t e s t e d  with t h e i r  per t inent  geometric cha r ac t e r i s t i c s  a r e  shown 
i n  f igure  7. F l igh t  instrumentation was put only i n  those a i r c r a f t  f o r  
which ce r t a i n  aerodynamic charac te r i s t i c s  were not  accurately known. 
This instrumentation consisted of a r o l l  r a t e  gyro, an oscil lograph,  and 
an a i l e ron  o r  l a t e r a l  s t i c k  posi t ion recorder. 
DESCRIFTION OF METHOD AND TEST 
Inasmuch as  the  objective of t h i s  study was the  determination of the  
bas ic  parameters which influence p i l o t  opinion of the a i rplane l a t e r a l  
response, the  i n i t i a l  approach used was t o  consider only the single-degree- 
of-freedom r o l l i n g  motion. The point  of view was taken t h a t  the influence 
of the other  modes of motion on the a i rplane r o l l  response, such as  e i t h e r  
aerodynamic o r  i n e r t i a  coupling, and the  resu l t ing  e f f e c t  on p i l o t  opinion 
of the l a t e r a l  con t ro l l ab i l i t y  a re  of secondary importance i n  a well designed 
airplane.  I f ,  however, a high degree of coupling e x i s t s ,  it i s  usual ly  a 
r e s u l t  of def ic iencies  i n  the dynamics of the  o ther  modes of motion and 
must be corrected before the r o l l  performance of the a i rplane can r i gh t -  
f u l l y  be considered. The r e su l t s  of t h i s  study a r e  offered as  j u s t i f i c a t i o n  
of t h i s  s impl i f ied  approach. 
The single-degree-of-freedom r o l l  equat ion f o r  an a i rplane may be 
writ ten,  i n  Laplace transform notat ion,  a s  follows: 
It can be shown, reference 4, t h a t  the  reslonse with time i s  determined 
completely by the  two quan t i t i e s  L6,6a anc T where T i s  a measure of 
the  r o l l  damping and L6a6a i s  a  measure of the a i l e ron  control  power 
i n  terms of r o l l  accelera t ion.  For a given a i l e ron  input the  steady-state 
r o l l  ve loc i ty  i s  given by the equation,.p,, = T L ~ ~ F ~ .  It i s  reasoned 
t h a t  i n  the  presence of a reasonable s t lck-force  gradient  and control  
system dynamics, p i l o t  opinion of the  l a t e r a l  con t ro l l ab i l i t y  would 
cor re la te  with T and LBaBaYmax where J,ga6a,max i s  the maximum 
control  power avai lable .  The purpose of t1.e project  was t o  inves t iga te  
t h i s  premise. Figure 8 shows t he  v a r i a t i o ~ i  of pss with T and 
Lba6,,,,, and the  extreme range of variab:.es covered i n  the f l i g h t  simu- 
l a t o r  invest igat ion.  More spec i f i ca l ly ,  tlie evaluation was conducted 
mainly f o r  constant values of T = 0.1, O.;.', 0.4, 1, 2, and 4 seconds, 
with the  maximum var ia t ion  i n  L8a6a,ma, f o r  the  r o l l i n g  and s ta t ionary  
f l i g h t  simulator as  shown on the  aforementioned f igure .  Values of 
L6a6a,max grea te r  than 15 t o  20 radians/se.c2 were not  t e s t ed  f o r  We 
r o l l i n g  simulator because of possible def ic iencies  i n  i t s  dynamic response. 
A subsequent repor t  f igure  w i l l  show the cclmbination of variables covered 
i n  the  i n - f l i g h t  invest igat ion.  
The t e s t  procedure used i n  t h i s  invest,igation was t o  have the  p i l o t  
give a numerical r a t i ng  f o r  each of a give11 s e t  of var iables  on the f ixed 
simulator and on a r o l l i n g  cockpit simulator. Unknown t o  the  p i l o t ,  
c e r t a i n  configurations were repeated i n  ortier t o  gain some i n s igh t  as  
t o  the  consistency of h i s  ra t ings .  As was noted previously, these simu- 
l a t o r  r e s u l t s  were then compared with in-f : ight  r e su l t s .  The reason the  
inves t iga t ion  was ca r r i ed  out  i n  both a st: . t ionary and a moving simulator 
was t h a t  it was most expedient t o  study the bas ic  approach t o  the solut ion 
of the  problem through use of an avai lable  s t a t ionary  simulator. Once it 
was shown t h a t  the  approach was val id ,  it Iras f e l t  t h a t  a  repeat  of the  
invest igat ion on the moving simulator was , u s t i f i e d  i n  t h a t  these r e su l t s  
should more c losely  duplicate f l i g h t  r e su l ' s  s ince the  ac tua l  r o l l i n g  
motion would be impressed on the p i l o t .  A useful  by-product of the above 
procedure was t h a t  the r e su l t s  served t o  demonstrate, a t  l e a s t  f o r  the 
above type of invest igat ion,  the  usefulnes: of a s t a t ionary  f l i g h t  simu- 
l a t o r  i n  s p i t e  of i t s  i n a b i l i t y  t o  impart rlotion o r  accelerat ions t o  
i t s  occupant. 
It should be pointed out  t h a t  the p i l o t s  pa r t i c i pa t i ng  i n  t h i s  
invest igat ion had extensive f l i g h t  t e s t  experience. They were f o r  the  
most p a r t  seasoned t e s t  p i l o t s  with engineering educations and combat 
a i r  veterans who have flown near ly  a l l  current  Navy and Air Force opera- 
t i o n a l  f i g h t e r  a i r c r a f t .  In  view of t h e i r  l e v e l  of experience, ins t ruc -  
t ions  t o  these p i l o t s  with regard t o  evaluation techniques were simply 
t o  r a t e  the  r o l l  performance of a given a i rplane o r  a given simulated 
a i rplane configuration from the point  t h a t  it was a current  operat ional  
f i gh t e r  a i r c r a f t  and, a s  previously indicated,  t o  assign a numerical 
r a t i n g  according t o  a given schedule. This schedule, presented here in  
a s  t ab l e  I, was modified from the p i l o t  opinion schedule of reference 5 .  
No spec i f i c  f i g h t e r  mission was assumed; however, the  r o l l  evaluation 
maneuvers included those which would be used by f i gh t e r s  carrying b a l l i s t i c  
type weapons. The evaluation techniques used i n  f l i g h t  by each of the 
p i l o t s  were s imi la r  and consisted e s sen t i a l l y  of two types of maneuvers. 
I n  the  one case the p i l o t  r o l l s  the  a i rplane as  rapidly  a s  i s  possible,  
o r  as  i s  desired,  through a bank angle'change of no t  more than 270° while 
pu l l ing  g ' s .  This i s  an evasive maneuver performed by a t a r g e t  a i rp lane 
where a rapid  change i n  f l i g h t  path i s  most urgent and where p rec i se ly  
s t a b i l i z i n g  a t  a given bank angle i s  unnecessary. The second can be 
classed a s  an a t tacking maneuver, where it i s  desired t o  r o l l  on t o  and 
t rack  a t a rge t .  In t h i s  case the  emphasis i s  on the  a b i l i t y  t o  r o l l  and 
t o  p rec i se ly  s t a b i l i z e  a t  a given bank angle. The f i r s t  maneuver i s  a 
t e s t  of the a i rp l ane ' s  r o l l  accelera t ion and r o l l  r a t e  c apab i l i t i e s  and 
the  second i s  a measure of what might be termed as precision of con t ro l  
and i s  an indicat ion of the  a i rp lane ' s  r o l l  damping. The evaluation 
maneuvers used during the f l i g h t  simulator runs were s imi la r  t o  those 
described above, with the l imi ta t ion  t h a t  no longi tudinal  motion was 
present .  The f l i g h t  simulation invest igat ion was ca r r i ed  out  using two 
evaluation p i l o t s  and the  f l i g h t  invest igat ion was ca r r i ed  out using from 
one t o  four evaluation p i l o t s  per a i rp lane.  
F33SULTS AND DISCUSSION 
The f i r s t  of  the  following sections w i l l  be concerned with a presen- 
t a t i o n  of the  data obtained from the  f l i g h t  simulator invest igat ion,  these 
data  being given i n  terms of a r o l l  performance c r i t e r i on .  The main 
contributing fac to rs  which determined the  various p i l o t  opinion boundaries 
of the r o l l  c r i t e r i on  a r e  presented and analyzed. The r e su l t s  of the flight 
simulator invest igat ion a r e  then compared with the  ac tua l  f l i g h t - t e s t  
r e s u l t s  and the main di f ferences  i n  the  two s e t s  of data a r e  b r i e f l y  
discussed. The f i n a l  sect ion i s  concerned with a cursory comparison of 
c e r t a i n  pas t  and present  r o l l  performance concepts, with the  r o l l  perform- 
ance c r i t e r i o n  derived herein.  
Fixed and Moving F l igh t  Simulator Invest igat ion 
The data  showing the  re la t ionsh ip  between p i l o t  opinion of the  
l a t e r a l  control  and the parameter Lga6,,= f o r  constant  7 ' s  f o r  the  
f ixed  and r o l l i n g  f l i g h t  simulators a r e  p h t t e d  i n  f igures  9 and 10, 
respect ively ,  and a r e  tabulated i n  t ab les  I1 and 111. The s o l i d  l i n e s  
shown i n  the f igures  were f a i r ed  from an average of the  averaged opinions 
of two p i l o t s .  It i s  inev i tab le  t h a t  some s c a t t e r  w i l l  e x i s t  i n  p i l o t  
opinion s tud ies ;  however, f o r  the case a t  ':land i t  can be seen t h a t  the  
trends a r e  well  defined and the consistency of the p i l o t s '  r a t ings  i s  
considered t o  be good. On the other  hand, i t  i s  believed t h a t  the 
inclus ion of more evaluation p i l o t s  could nake some changes i n  the  curves. 
An add i t iona l  f a c to r  which should be kept i n  mind i s  t h a t  the  s t i c k  force  
and def lec t ion  cha rac t e r i s t i c s  were invar ian t  throughout t h i s  phase of 
the invest igat ion.  It i s  probable t h a t  f o r  most configurations t es ted ,  
nominal changes i n  these values would not  s i gn i f i c an t l y  a f f ec t  the p i l o t  
r a t ings ;  however, t h i s  may not  be t r ue  i n  ;he extreme region wherein high 
r o l l  r a t e s  and h i&  r o l l  accelera t ions  a re  a t t a inab le .  In  most cases 
the ac tua l  response of the  r o l l i n g  simu1att)r c lose ly  duplicated the 
des i red response; however, there were some def ic iencies  i n  the  simulator 
response i n  t h a t  region where high angular accelera t ions  were required, 
notably where Lga6a7max 7 10 radians/sec2. The influence of t h i s  f a c t o r  
on p i l o t  opinion was not  i so la ted ;  however, it i s  believed t o  be of 
secondary importance. 
The re la t ionsh ip  between p i l o t  opiniori and the  parameters L6,Ga,max 
and T i n  terms of boundaries between the sa t is factory-unsat is factory  
regions, e t c . ,  f o r  both the f ixed and roll:  ng simulator data  i s  presented 
as f igure  11. These curves were obtained r'rom the  previously presented 
averaged data.  The p i l o t  r a t ings  which del'ined the various boundaries 
were as  follows: 
Sa t i s f  actory-unsatisf  ac t o ry  = pi1.ot r a t i ng  of 3-112 
Unsatisfactory-unacceptable = p i l o t  r a t i n g  of 6-1/2 
I n  addi t ion,  a  curve corresponding t o  a p i l o t  r a t i ng  of 5 has been included 
i n  the f igure .  ( A  p i l o t  r a t i ng  of 5 corre:ponds t o  a descr ip t ion of unac- 
ceptable f o r  normal operation.)  It can be seen t h a t  the  agreement between 
the  boundaries as  derived from the  f ixed simulator and the r o l l i n g  simu- 
l a t o r  i s  excel lent  f o r  Lg Ea7rnaX 2 10 radians/sec2. This i s  a  region a 
where the  maximum r o l l  accelera t ions  which can be impressed upon the 
p i l o t  a r e  not excessive. However, f o r  L6,6a,max values g rea te r  than 
about 10 radians/secz the r o l l  simulator bcundaries l i e  below those 
derived from the f ixed simulator. The underlying reasons a r e  t h a t  the 
forces  on the p i l o t ,  which a r i s e  from the  angular accelera t ions ,  hinder 
h i s  a b i l i t y  t o  control  precise ly ,  with the  resu l t an t  de te r io ra t ion  i n  
p i l o t  opinion as  compared t o  a f ixed simulator where no forces a r e  present .  
It should be noted t h a t  these p i l o t  opinion regions of 
L E ~ ~ ~ , ~ ~ ~  5 10 radians/sec2 were i n  f a c t  unsat is factory  o r  unacceptable 
because of the p i l o t ' s  i n a b i l i t y  t o  con t ro l  p rec i se ly  during a r o l l i n g  
maneuver. For the region of long time constants and 
L6a6a,max 5 10 radians/sec2 t h i s  was expected i n  view of t h e o r e t i c a l  
r e s u l t s  which show t h a t  a  long time constant i n  the r o l l  equation 
produced two c lose ly  r e l a t ed  e f f ec t s .  F i r s t ,  a s  f a r  a s  the  p i l o t  i s  con- 
cerned, the  a i l e ron  becomes a r o l l  accelera t ion r a the r  than a r o l l  r a t e  
control  which human engineering s tudies  ( r e f .  6)  have ind ica ted  g r ea t l y  
increases the control  d i f f i c u l t i e s  of t he  human operator.  The second 
e f f e c t  i s  i l l u s t r a t e d  i n  f igure  12. Here the  computed a i l e ron  angles 
required t o  perform a given bank angle change f o r  long and shor t  time 
constants a r e  p lot ted .  It can be seen t h a t  f o r  a shor t  time constant  
the a i l e ron  motion required i s  a simple pulse,  whereas f o r  a long time 
constant the p i l o t  must apply both a l a rge  upset t ing a i l e ron  def lec t ion  
and a large  p rec i se ly  timed res to r ing  a i l e ron  def lec t ion.  This change 
i n  type of a i l e ron  motion appears t o  explain some of the  problems of 
precis ion noted previously since,  i n  attempting t o  perform such an 
a i l e ron  movement a t  high r o l l  r a t e s ,  the  p i l o t  might e a s i l y  misjudge and 
overshoot the des i red bank angle o r  ge t  i n t o  an induced o s c i l l a t i o n .  A 
f l i g h t  time h i s t o ry  of a p i l o t ' s  attempt t o  r o l l  r ap id ly  t o  a given bank 
angle and s t a b i l i z e  with an a i rplane having a l a rge  T and la rge  
L6aEa,max value, which demonstrates the above point ,  i s  shown i n  f i g -  
ure  13. In the  region of shor t  time constants and high values of 
LgaGa,max i t  was reasoned t h a t  the p i l o t ' s  reduction i n  precis ion of 
control  was l a rge ly  due t o  the  extreme r o l l  r a t e s  and r o l l  accelera t ions  
which were encountered. H i s  control  d i f f i c u l t i e s  i n  the  over -a l l  region 
of high Lga6a,max values were fu r t he r  compounded because of the  extreme 
s t i c k  s e n s i t i v i t y  i n  t h i s  region wherein small s t i c k  def lec t ions  commanded 
large  r o l l  r a t e s  and r o l l  accelera t ions .  On the  other  hand, the  p i l o t s  
ra ted  the lower range of L8a6a,,a, values unsa t i s fac to ry  o r  unacceptable 
because of the low r o l l  r a t e  and low r o l l  accelera t ion capab i l i t i e s  of 
the  t e s t  configurations. Because of the a b i l i t y  of the  r o l l i n g  simulator 
t o  impart motion t o  the  evaluating p i l o t , i t  was f e l t ,  a s  was previously 
noted, the  r e su l t s  from the  r o l l i n g  simulator were more akin t o  what 
would be obtained from an ac tua l  i n - f l i gh t  inves t iga t ion  and, therefore ,  
a l l  fu tu re  discussion and comparisons w i l l  be confined t o  t h a t  s e t  of  
data.  
Comparison of F l igh t  Test and Roll ing Simulator Results  
The region of r o l l  parameters covered i n  the  f l i g h t  inves t iga t ion  
i s  compared with the  boundaries derived with the r o l l i n g  simulator i n  
f igure  14. The parameters L8,Fja,max and T f o r  each a i rp lane  were 
e i t h e r  computed from wind-tunnel measured o r  est imated values of CZ6,  
and C and known mass and geometric cha r ac t e r i s t i c s  o r  were measured 
Z P  
i n  f l i g h t  according t o  the  method outl ineii  i n  appendix A. In  order t o  
cover as  wide a f l i g h t  t e s t  range of variitbles a s  possible,  a i rp lanes  B 
and E were f i r s t  flown with full normal a i l e ron  def lec t ion avai lable  t o  
the  p i l o t ;  then temporary l a t e r a l  s t i c k  s5ops were i n s t a l l e d  which reduced 
the  ava i l ab le  a i l e ron  def lec t ion t o  one-half the  normal amount. Airplane 
C was a va r i ab l e - s t ab i l i t y  a i rp lane capab:.e of changing i t s  r o l l  charac- 
t e r i s t i c s  through a wide range as  can be seen from the subject  f igure .  
Airplane G was equipped w i t h  l a rge  wing t i p  tanks; however, these tanks 
were empty f o r  the  r o l l  performance investZgation. The remaining a i rplanes  
were flown i n  t h e i r  normal clean condi t io~ . .  
Figure 15  was prepared so t h a t  a numerical p i l o t  r a t i ng  could be 
predic ted from the moving simulator data  f o r  comparison with the  r e s u l t s  
of  the  f l i g h t  invest igat ion.  This f igure  consis ts  of a sequence of con- 
tours  beginning with a p i l o t  r a t i n g  contour of 2 and extending t o  6-1/2. 
The dot ted  por t ion of a contour l i n e  ind ica tes  the  contour was not  well 
defined and hence i s  subject  t o  some question. It w i l l  be noticed t h a t  
there  were no contours f o r  a p i l o t  r a t i ng  of 1. This follows since t he  
evaluation p i l o t s  seem t o  regard a p i l o t  r a t i ng  of 1, as  representing an 
i d e a l  o r  optimum configuration which c o d 6  never r e a l l y  be a t ta ined.  
Figure 16 i s  a comparison of the  numerical p i l o t  opinion ra t ings  
obtained from the f l i g h t  invest igat ion wit9 those which would be predicted 
from the  f l i g h t  simulator r e su l t s  of f igure  15. I n  f igure  16 an a r b i t r a r y  
a rea  has been defined, namely t h a t  region 3etween the l i n e  of perfect  
cor re la t ion  and the  l i n e  of pe r fec t  corre l2t ion +1, wherein most of the  
ac tua l  p i l o t  r a t ings  l i e .  It i s  noteworthy t h a t  there were no cases 
wherein t he  ac tua l  p i l o t  r a t i ng  was appreciably b e t t e r  than the  predicted 
value, and there  were only three cases wherein the  ac tua l  p i l o t  r a t ings  
were g rea te r  than +1 away from t h a t  prediczed. (1n the  case of a i rp lane 
A, the  p i l o t s  r a t ed  from a pas t  r e c o l l e c t i ~ n  of r o l l  performance r a the r  
than from a current  f l i g h t  evaluation. ) Tle explanation f o r  the  poor 
predic t ion of p i l o t  r a t ings  f o r  the  other  ;wo t e s t  points  i s  one which 
a l s o  explains the t rend wherein the  vas t  m,tjority of a c tua l  p i l o t  opinion 
r a t i ngs  were somewhat g rea te r  than the  p r e l i c t ed  value. The p r inc ipa l  
argument i s  t h a t  the  p i l o t s '  opinion of r o - 1  performance was adversely 
influenced by the  coupling between the modt:s of motion which e x i s t  t o  
some degree i n  a l l  a i rp lanes ,  but  which fo  - ai rplane D and f o r  the  Low 
speed range of a i rp lane F were excessive, :lnd which the single-degree- 
of-freedom analys is  used here in  obviously tloes not  take i n t o  account. 
However, f o r  a i rp lane F, a s  the speed was : ncreased the r o l l i n g  motions 
approached those described by a single-deg:*ee-of-freedom system and 
correspondingly (see f i g .  16. ) the a c tua l  1 ) i l o t  r a t i ng  approached the  
predic ted ra t ing .  Secondary fac to rs  which may have contributed t o  the 
above trend,  wherein the ac tua l  r a t i ng  was g rea te r  than the predicted, 
were objectionable control  system dynamics and control  system forces  
which may have been present. 
In  smnary,  from t h i s  f l i g h t  inves t iga t ion  it can be seen t h a t  the  
r o l l  performance c r i t e r i o n  derived from r o l l i n g  simulator t e s t s  would 
i n  most cases p red ic t  f a i r l y  accura te ly  the  p i l o t ' s  opinion of  the  r o l l  
performance of f i g h t e r  a i r c r a f t  f l y i n g  i n  t h e i r  combat speed range. The 
predic ted  p i l o t  opinion ra t ings ,  however, would be somewhat op t imis t i c  , 
depending upon the  degree of coupling betk-een t h e  modes o f  motion. For 
the cases where a l a r g e  amount of coupling e x i s t s ,  no such c r i t e r i o n  can 
apply and, a s  previously noted, i n  such cases the  bas ic  t rouble  i s  a 
r e s u l t  of def ic iencies  i n  the  dynamics of the  o the r  modes of  motion which 
must be correc ted  before the  r o l l  performance can be predicted.  
Comparison of Certain Roll  Performance Concepts With 
the  Derived Roll  Performance Cr i t e r ion  
Figure 1 7  has been prepared i n  order  t o  compare b r i e f l y  the  p i l o t  
opinion boundaries derived here in  with the  r o l l  performance concept upon 
which the  present  m i l i t a r y  spec i f i ca t ions  f o r  the  l a t e r a l  con t ro l  of 
f i g h t e r  a i r c r a f t  a r e  based. This concept, introduced i n  reference 1, i s  
wri t ten  i n  terms of the  bank angle displacement occurring a t  t h e  end of 
one second following an abrupt a i l e r o n  inpu t  by the  p i l o t .  Curves of 
constant  bank angle change a t  one second have been superimposed on t h e  
subject  r o l l  performance c r i t e r i o n  and were computed using a ramp a i l e r o n  
input  with a 0.2-second r i s e  time. The f l i g h t  t e s t s  showed t h a t  a p i l o t ' s  
attempted s t e p  a i l e ron  input  can be approximated by such a ramp input .  
I n  addit ion,  the  re la t ionsh ip  between 7, L8aG,,max, and pss has been 
repeated i n  t h i s  f igure  f o r  comparison with the  p i l o t  opinion boundaries. 
The c lose  correspondence between the  p i l o t  opinion boundaries loca ted  
i n  the  region of low L6a6a,,ax values and c e r t a i n  l i n e s  of constant  
bank angle change should be pointed out .  When these  curves a r e  compared 
with t h e  sa t i s fac to ry-unsa t i s fac to ry  p i l o t  opinion boundaries i t  becomes 
obvious t h a t  a r o l l  performance c r i t e r i o n  based upon a s ing le  value of 
bank angle change, f o r  example 50' o r  100' i n  one second, would be i n v a l i d  
because i t  does not  impose a r o l l  damping requirement and because i t  does 
no t  recognize t h a t  a i l e ron  power i n  excess of t h a t  required  t o  produce 
the  given bank angle change could be detr imental .  I n  the  region of low 
, max values and f o r  T 2 0.7 second it can be seen t h a t  there  a r e  
l i n e s  of constant  p which a r e  a l s o  coincident  with t h e  p i l o t  opinion 
boundaries. This was expected i n  view of p i l o t  comments which, a s  was 
previously pointed out ,  indica ted  t h a t  these boundaries were determined 
p r i n c i p a l l y  from the  r o l l  r a t e  c a p a b i l i t i e s  of the  configurat ion.  
The v a l i d i t y  of the  wing t i p  h e l i x  angle, pssb/2v, a s  a r o l l  per-  
formance c r i t e r i o n  w i l l  be discussed b r i e f l y .  This i s  considered apropos 
i n  view of the  h i s t o r i c a l  ro le  t h i s  parameter has played i n  the l a t e r a l  
con t ro l  design of a i r c r a f t ,  reference 2 ,  and i n  vier< of the  f a c t  t h a t  
cur ren t ly  t he  r o l l  performance of f ighter : ,  bombers, t ranspor t ,  and 
t ra ine r - type  a i r c r a f t  i s ,  within ce r t a i n  :peed ranges, designed i n  terms 
of c e r t a i n  constant values of t h i s  parameter. 
From the  f l i g h t  simulator ra t ings  it was surmised t h a t  a  constant 
p s s b / 2 ~  value could not  be used as  a  general measure of r o l l  performance 
of f ighter-type a i r c r a f t  f l y ing  i n  t h e i r  combat speed range. This follows 
from the  argument t ha t ,  i n  essence, there  i s  a one t o  one correspondence 
between the  p i l o t  opinion ra t ings  and the  points  on the L6a6a,max-~ plane. 
However, f o r  any given point  on t h i s  plane there  corresponds numerous 
p s s b / 2 ~  values, and hence p i l o t  opinion i s  not  dependent on pssb /2~ .  
In  s p i t e  of the  above argument agains t  psSb/2v as  a  general measure 
of r o l l  performance, it i s  t rue  t h a t  i n  c e r t a i n  r e s t r i c t e d  cases,  and a s  
pas t  s tud ies  have indicated,  p i l o t  opinion w i l l  co r re la te  with t h i s  param- 
e t e r .  This follows from f igure  17, where i t  was shown t h a t  the derived 
p i l o t  opinion boundaries located i n  the region of low L6a6a,,x values 
and f o r  T < 0.7 second a r e  coincident with c e r t a i n  l i n e s  of constant 
Pss. I f  we r e s t r i c t  ourselves t o  a  given e r a  of f i g h t e r  a i r c r a f t ,  f o r  
example World War I1 vintage, which have roughly the  same wing span and 
speed capab i l i t i e s  and f o r  which the  r o l l  .;ime constant was l e s s  than 
0.7 second, then the combination of t h e i r  tlverage span, combat veloci ty ,  
and a spec i f i ed  value of pss would r e s u l  ; i n  a  value of pSsb/2v which 
would cor re la te  with p i l o t  opinion of fi&-ier r o l l  performance. However, 
the current  t rend f o r  f i g h t e r  a i r c r a f t  t o  Lave 7 's  > 0.7 second and t o  
exh ib i t  qui te  l a rge  differences i n  wing sp8.n length, speed capab i l i t i e s ,  
e tc . ,  inva l ida tes  the  wing t i p  h e l i x  angle as  a  r o l l  performance c r i t e r i on .  
As a  matter  of i n t e r e s t  the  f l i g h t  t e : t  p i l o t  opinion data  have been 
p lo t t ed  agains t  pSsb/2v i n  f igure  18. TI e  f a i r l y  s t rong cor re la t ion  
of p i l o t  opinion with p s s b / 2 ~  f o r  the va l i ab l e - s t ab i l i t y  a i rp lane,  C ,  
i s  evident  and was expected i n  view of the f a c t  t ha t  the range of s t a b i l i t y  
t e s t e d  was t h a t  of a i rp lanes  having d i f fe ren t  r o l l  r a t e  c apab i l i t i e s  but 
with T < 0.7 second and having the  same wing span length and same combat 
speed. If the  t o t a l i t y  of f l i g h t  t e s t  poic ts  i s  considered, it can be 
seen t h a t  no s t rong corre la t ion ex i s t s .  I n  view of t h i s  discussion it i s  
reasoned t h a t  i n  the case wherein the r o l l  performance of bombers, e tc . ,  
i s  considered, a  possible deficiency i n  the  use of wing t i p  h e l i x  angle 
a s  a  measure of r o l l  performance might a l so  ex i s t .  This, of course, i s  
based on con,jecture and should be an area  f ~ r  f u r t he r  research. 
CONCLUSIONS 
P i l o t  opinion of the r o l l  performance of f ighter-type a i r c r a f t  has 
been compared with the  r e su l t s  of a f l i g h t  simulator invest igat ion.  
The simulators used i n  t h i s  study consisted of a r o l l i n g  cockpit o r  a 
s t a t ionary  cockpit and an e lect ronic  analog computer f o r  solving t he  
equations of motion. The cockpit provided means f o r  including the  p i l o t  
i n  the  control  loop. From t h i s  study the  following conclusions were made. 
1. It was deduced and demonstrated on the  simulators t h a t  p i l o t  
opinion of the l a t e r a l  con t ro l l ab i l i t y  of f ighter- type a i r c r a f t  would 
cor re la te  with a r o l l  damping parameter and an a i l e ron  power parameter 
which was wri t ten  i n  terms of r o l l  accelera t ion.  In  addit ion,  boundaries 
i n  terms of these two parameters were determined f o r  sa t i s fac to ry ,  
unsat is factory ,  and unacceptable r o l l  performance. 
2 .  From the f l i g h t  invest igat ion i t  was concluded t h a t  the r o l l  
performance c r i t e r i o n  derived from the  r o l l i n g  simulator w i l l  give a 
f a i r l y  accurate predic t ion of the ac tua l  i n - f l i g h t  p i l o t  opinion, 
provided the  degree of coupling between the a i rplane modes of motion 
was not  excessive. 
3. As a r e s u l t  of t h i s  study, it appears t h a t  the  bank angle change 
a t  the end of 1 second following an abrupt a i l e ron  input  by the  p i l o t  
i s  de f ic ien t  a s  a speci f ica t ion covering the l a t e r a l  c o n t r o l l a b i l i t y  of 
f i g h t e r  a i r c r a f t  f ly ing  i n  t h e i r  combat speed range. This i s  p r inc ipa l ly  
because the  speci f ica t ion f a i l s  t o  impose a r o l l  damping requirement and 
because it does not recognize t h a t  an excess of a i l e ron  power can be 
detrimental.  
4. The r e su l t s  of t h i s  study would ind ica te  t h a t  the wing t i p  h e l i x  
angle could not be used as  a general measure of the r o l l  performance of 
f ighter- type a i r c r a f t  f ly ing  i n  t h e i r  combat speed range. 
5 .  As a by-product of t h i s  study it was f o m d  t h a t  the  f ixed  
simulator r e su l t s  were i n  close agreement with the  f l i g h t  and r o l l i n g  
simulator r e su l t s ,  provided the r o l l  accelera t ions  which could be 
impressed upon the p i l o t  were not  large .  However, i f  the  angular 
accelera t ions  which could be impressed upon the p i l o t  were high, the 
r e su l t s  tended t o  d i f f e r ,  the reason being t ha t  i n  t h i s  region the  forces 
impressed upon the p i l o t  i n  the moving simulator o r  i n  f l i g h t  hindered 
h i s  a b i l i t y  t o  control  a s  compared t o  the f ixed cockpit where no forces  
were present. 
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APPENDIX A 
METHOD USED TO DETERMINE T AND L6aBE,max FROM FLIGHT 'TEST 
The s impl i f ied  technique f o r  determining the  a i rplane r o l l i n g  time 
constant, T, and a i l e ron  power, L6a6a,max, from f l i g h t  t e s t s ,  neglects  
e f f ec t s  of airframe f l e x i b i l i t y .  The a i rplane r o l l  equation, wherein 
the two subject  parameters appear which ha2 been derived i n  reference 7, 
may be wri t ten  as  follows: 
where 
ac I  
-, per radian 
a D 
ac 2 
Cir , per radian a ( r b / 2 ~ )  
product of i n e r t i a  about X, Z body axes, s lug-f t2  
moment of i n e r t i a  about the  Y body ax i s ,  s lug-f t2  
moment of i n e r t i a  about the  Z body ax i s ,  s lug-f t2  
c , per sec2 
Ix 2~ 
?sb2 
- C I r ,  per  sec 
2VIX 
4 pitching velocity,  radians/s ?c 
r yawing velocity,  radians/sec 
I3 s i d e s l i p  angle, radians 
A l l  remaining terms a re  defined i n  the n o t a ~ i o n  section of the  t ex t .  
It should be noted t h a t  i n  the  above equation only the  p r inc ipa l  aero- 
dynamic terms a re  included and t h a t  Lp = -l/r. 
Provided the a i rplane modes of motion a re  not  strongly coupled, the 
response from a l e v e l  f l i g h t  t r i m  condition following an a i l e ron  deflec-  
t i o n  i s  approximated, a t  l e a s t  f o r  the  f i r s t  few seconds of t r an s i en t  
motion, by the following equation, 
This follows from equation (~1)  since f o r  the  pure a i l e ron  maneuver being 
considered, the  quan t i t i e s  G, r, q, and P a r e  small and f o r  f i g h t e r  . a i r -  
planes the  following re la t ionships  a r e  i n  most cases t rue  
Y' z Hence the terms, 5 (f+pq),  ) qr,  LpP, and Lrr, which a r e  composed 
Ix 
of the product of two small numbers, a r e  considered t o  be negl ig ible .  
Ideal ly ,  the  f l i g h t  maneuver from which the  parameters L8,6a,may. 
and T could most e a s i l y  be extracted,  using the re la t ionsh ip  of equa- 
t i o n  (A2) would be a response t o  a pure a i l e ron  s t ep  input .  However, 
t h i s  type of input i s  not  possible because of the p i l o t ' s  f i n i t e  time 
l a g  and l imi ted power capab i l i ty .  Examination of f l i g h t  records wherein 
the  p i l o t  attempted t o  make a s t ep  input  shows t h a t  the  r e su l t i ng  s t i c k  
motion approximates a ramp. Hence, the following procedure w i l l  be 
l imi ted  t o  the response t o  a ramp input of the system governed by 
equation (A2) . 
For a ramp input,  the  resu l t ing  motion i s  a s  follows: 
so 
t 
-Slope = m 
Time 
and i s  described by the following equation: 
and f o r  t > a 
- 
Now f o r  the  given input  and response ke can measure a pseudo time 
constant, T, which i s  defined i n  the same fashion as  the  t r ue  time 
constant, namely the time f o r  the r o l l  r a t e  t o  reach 0.632 of i t s  steady- 
s t a t e  value. Now, if we assume t h a t  > a (which was t rue  f o r  a l l  the  
subject  f l i g h t  t e s t s )  we can write,  using equation ( ~ 3 b ) ,  - the  r a t i o  of 
P5s/P(T). This r e s u l t s  i n  a unique r e l a t i on  between a,  T, and the t r ue  
tune constant of the  system, T, and may be writ ten as  follows : 
and which can be p lo t t ed  a s  shown i n  t he  following sketch. 
From a f l i g h t  time h i s to ry  of the a i rplane r o l l  - response and corre-  
sponding ramp a i le ron  input ,  we can measure a ,  6a1, T,and pss, and hence 
T can be immediately determined from the  preceding plot .  From equation 
(~3b) we can obtain the  following re la t ionship;  
With the  a i d  of t h i s  equation we can obtain LSaSal, and by l i n e a r  extrap- 
o la t ion  we can a r r ive  a t  L6,Ga,max. 
There i s  a l ikelihood of some e r r o r  occurring i n  the measured value 
of L&aGa,max because it depends upon pss7 which can only be measured 
l a t e  i n  the  time his tory .  Hence the  a i l e ron  power may be influenced by 
those terms deleted from equation (Al) which were considered t o  have only 
a minor influence a t  the beginning of the  t rans ien t  response. In  view 
of t h i s  an addi t ional  check of Lga8a,max could be made by allowing the  
airplane t o  reach a steady-state r o l l i n g  veloci ty  and then rapidly  revers-  
ing the  a i l e ron  input as pictured below. The p i l o t  i s  asked t o  keep the  
value of p, r, and q small during t h i s  maneuver. 
Now from equation (Al), it can be deduced t h a t  a t  the  time p = 0, 
the  following re la t ionship  holds: 
4 3  O 
Hence a value f o r  Lga6a,m,x can be determined by l i n e a r  extrapolation.  
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TABLE I.- PILOTS' RATING SCHEDULE 
- 
Normal 
ope rat ion 
Emergency 
operat ion 
No 
operat ion 
Adjective 
rating 
Satisfactory 
Unsatisfactory 
Unacceptable 
Catastrophic 
Numerical 
rating 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Can be 
landed 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Doubtful 
No 
No 
No 
Description 
Excellent, includes optimum 
Good, pleasant to fly 
Satisfactory, but with some mildly 
unpleasant characteristics 
Acceptable, but with unpleasant 
characteristics 
Unacceptable for normal operation 
Acceptable for emergency condition 
only 
Unacceptable even for emergency 
condition 
Unacceptable - dangerous 
Unacceptable - uncontrollable 
Motions possibly violent enough to 
prevent pilot escape 
Primary 
mission 
accomplished 
Yes 
Yes 
Yes 
Yes 
Doubtful 
Doubtful 
No 
No 
No 
No 
TABLE: 11.- FImD SIMULATOR IIILOT RATINGS 
L6aSa,max~ 
radians/sec2 
0.35 
.7 
1 . 5  
3 
6 
10 
1 5  
20 
30 
40 
60 
.L' 
- 35 
.5 
.7 
1 .5  
3 
4 
6 
10 
15  
20 
30 
35 
40 
.35 
1.5 
3 
6 
10 
1 5  
20 
30 
40 
.I375 
.5 
1 
1.5 
3 
4 
6 
10 
1 5  
20 
25 
30 
.2 
.5 
1 
2 
2.5 
3 
6 
10 
15  
20 
30 
. I5  
.5 
1 
2 
3 
4 
6 
10 
I2 
1 5  
20 
30 
no. 
3 
3 0 1 - 4  
2 
3 0 1 - 4  
7 
Pilot 
1 
9 
9 
8 
6 
4 
3 
2+ 
1 
1 
2 OT 3 
9 
9 
9 
7 
5 
4 
3 
2 
1 
2 o r 3  
7 
5 
3 
2 
2 o r 3  
3 
5 o r 6  
5 o r  6 
7 
8 
5 
3 
4 
3 
4 
6 
4 o r 5  
8 
7 
6 
4 o r  5 
5 
6 
6 
7 
8 o r  9 
8 
7 
6 
6 
5 
5 
% 
6 
8 o r  9 
T ,  
sec . 
1 
10 
9-11. 
7-112 
6 
4 
3 
2 
1 
1 
1+ 
2 
8 
6-11> 
6 
6 
5-112 
4-112 
4 
3-11,. 
2-11,. 
1 
2 4 2  
2+ 
3-112 
6-1/2 
5 
4-t 
3 
2+ 
3 
4 
8 
5-1/2 
% 
5- 
3-1/2 
3- 
3 
3-1/2 
5 
5-112 
6-1/2 
8 
6 
5- 
3-1/2 
3+ 
3-112 
3-1/2 
4-112 
6-112 
7-11> 
8 
8 
6-112 
5 
4 
3-112 
3 
4 
5 
6 -  
6 
8 - 
8 
8-112 
B r a t ings  
Evaluation 
2 
7 
7 
3 
1 
8 o r 9  
4 0 1 - 5  
4 
3 
l o r 2  
3 0 1 - 4  
3 
4 0 1 - 5  
4 
7 
8 0 1 - 9  
6 
5 o r 6  
5 o r 6  
7 
0.1 
' 
'r 
2 
4 g ! 6  
~ l l o t  
2 
6 
1-11? 
1-112 
2+ 
F 
4-1/2 
3-1/2 
3+ 
3-1/2 
4+ 
6 
6 
7 
4-1/2 
4- 
4+ 
6 
4- 
5 
5-112 
6-1/2 
I 
b( 3-1/2 
! 
A r a t ings  
Evaluation 
3 
3-112 
4 
4 
5 
7 
5 
1 
, 
2 
4 
no. 
4 3  
bc 
, 
, 
TABU 111.- ROLLING SIMULATOR PILOT RATINGS 
L ~ ~ & a , m a x ,  
radians/sec2 
0.35 
.7 
1 
1 . 5  
2 
3 
6 
10 
1 5  
20 
30 
.2 
.35 
.7 
1 
1 . 5  
2 
3 
4 
6 
8 
10 
15 
20 
.15 
.35 
.7 
1 
1.5 
2 
3 
4 
6 
10 
15 
20 
. I 5  
.35 
.70 
1 
2 
3 
4 
5 
6 
8 
10 
15 
. I5  
.2 
.35 
.5 
.7 
1 
1.5 
2 
3 
4 
6 
7.5 
8 
10 
.15 
.2 
.35 
.50 
.7 
1 
1.5  
2 
3 
3.75 
4 
6 
10 
no. 
3 
7 o r 8  
4 o r 5  
6 
3 
P i l o t  
1 
10 
9 
7 o r 8  
8 
6 
5 
5 
4 
3 
3 
2 
10 
9 
7 
6 
6 
5 o r  6 
3 o r  4 
4 
2 
2 
10 
8 
6 
6 
5 
4 o r  5 
3 
3 
1 
1 o r  2 
5 
8 
6 
5- 
5 
5 
3 o r 4  
3 
2 o r 3  
4 
5 
8 
7 
6 
4 o r 5  
4 
4 
4 
4 
3 
4 
6 
7 
6 
5 
4 
6 
5 
5 
6 
6 
T ,  
sec 
0 . 1  
.2 
.4 
B ra t ings  
Evaluation 
2 
8 
6 
6 
5 
7 
8 
3 
3 
7 
> o r 6  
5 
2 o r 3  
4 
7 
6 
5 
4 o r 5  
4 
2 
6 
5 o r 6  
5 
4 o r 5  
5 
5 
5 
4 
4 
4 
4 
5-112 
8-1 2 
8-1$2 
7+ 
6-112 
6-112 
5 
4-c 
3- 
2 
3-112 
8-112 
8-112 
8- 
6 
5 
4-112 
3-112 
3 
2-112 
2+ 
4-112 
8-112 
7 
6 
5-112 
4+ 
3 
2 - 
2+ 
4 
6 
8 
6 
5 
4-112 
3-l/2 
4 
3+ 
2-112 
2+ 
5 
8 
8 
7- 
5 
6- 
5 
4- 
4+ 
3+ 
3-112 
5+ 
4+ 
6-112 
6-112 
6-112 
6 
6 
3 
?- 
5 
5 
7 
1 
I 
P i l o t  A 
Evaluation 
1 2 3  
2+ 
1-112 
2-112 
6-112 
2 
3 
5 
4 
4 
4+ 
5-1/2 
5-1/2 
5 
4-1/2 
4- 
7 
6-112 
6 
4-112 
4+ 
4 
ra t ings  
no. 
6 
3-1/2 
5-112 
4+ 
4 
7- 
5 
2 
i, 
4 
v 

AIRPLANE REFERENCE 
HORl ZON REFERENCE 
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\ 
FIXED OR ROLLING 
COCKPIT 
Figure 1.- Diagram showing flow of information for flight simulator. 
A-23010.2 
Figure 2.-  Fixed cockpit and pilot's instrument display. 
(a)  View of cockpit exter ior .  
Figure 3.- Views of moving simulator. 
(b) V i e w  of cockpit inter ior .  
Figure 3.- Concluded. 
Figure 4.- Block diagram of r o l l  drive system. 
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Figure 5.- Frequency response of the  r o l l  drive servo system. 
Figure 6. - Time h i s t o ry  comparing the moving simulator motions with 
computed motions for ramp a i l e ron  inputs  with T = 1.0 second 
and L E , G ~ , ~ ~  = 15 radians/sec2. 
(a)  Airplane A.  
(b) Airplane B. 
Figure 7.- Airplanes t e s t ed  during f l i g h t  invest igat ion.  
( c )  Airplane C.  
0 u 
(d)  Airplane D. 
Figure 7. - Continued. 
( e )  Airplane E. 
r 38.00'-i 
( f )  Airplane F. 
Figure 7. - Continue i. 
Figure 7.- Concluded. 
Figure 8.- Variation of p,, with T and LgaSa,- and range of parameters 
covered i n  the  f l i g h t  simulator invest igat ions .  
1 3 5 7 9  
Pilot rat ing 
1 3 5 7 9  
Pilot rating 
1 3 5 7 9  
Pilot rat ing 
Figure 9.- Variation of p i l o t  opinion with L6a6a,max f o r  constant  values 
of T as  obtained from the  s ta t ionary  f l i g h t  simulator. 
1 3 5 7 9  
P i l o t ra t i ng  
P~lot  rating 
1 3 5 7 9  
Pilot rating 
Figure 10.- Variation of p i l o t  opinion with 4ja6a,w f o r  constant values 
of T as  obtained from the  moving f : l g h t  simulator. 
r ,  sec 
Figure 11.- Comparison of p i l o t  opinion boundaries obtained from the  
f i xed  and moving f l i g h t  simulators. 
t, sec 
Figure 12. - Theoretical  a i l e ron  movements reqw-red f o r  a given bank angle 
change f o r  a i rp lanes  with small and l a rg :  time constants. 
-0 I 2 3 4 5 
t , sec 
Figure 13.- Fl igh t  time h i s to ry  of a p i l o t ' s  attempt t o  r o l l  rapidly  
t o  a given bank angle with an a i rplane having a large  T and 
large  L6a6a,max value. 
T ,  sec 
Figure 14. - Range of parameters, Lg,ba,-,, an1 T, covered i n  the f l i g h t  
invest igat ion,  shown i n  comparison with the motion simulator derived 
boundaries . 
r, sec 
Figure 15.- Roll  simulator derived p i l o t  opinion contours f o r  p red ic t ing  
p i l o t  opinion of f i g h t e r  r o l l  performance. 
Line of perfect 
correlation + I 
A i rp lane 
0 C 
Predicted pilot r l~ t ing 
Figure 16.- Comparison of in - f l igh t  pilot-opinion ra t ing  with those 
predicted from f l i g h t  simulator boundaries. 
Figure 17.- Comparison of the derived r o l l  performance cr i te r ion  with the 
r o l l  performance concept based on bank angle displacement a t  end of 
1 second. 
Actual pilot rating 
P, Eb Figure 18.- Comparison of f l i g h t  t e s t  p i l o t  opinicn with the parameter -.
2v 
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